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Preliminary results are presented from spectroscopic data in the optical range of the Galactic
ring nebulae NGC 6888, G2.4+1.4, RCW 58 and Sh2-308. Deep observations with long exposure
times were carried out at the 6.5m Clay Telescope and at the 10.4m Gran Telescopio Canarias.
In NGC 6888, recombination lines of C ii, O ii and N ii are detected with signal-to-noise ratios
higher than 8. The chemical content of NGC 6888 is discussed within the chemical enrichment
predicted by evolution models of massive stars. For all nebulae, a forthcoming work will content
in-depth details about observations, analysis and final results (Esteban et al. 2015, in prep.).
1 Introduction
Half a century has already passed since Johnson
& Hogg (1965) pointed out the possible link be-
tween stellar evolution and the presence of fuzzy-
filamentary, ring-like shells around Wolf-Rayet stars.
Today, the origin and evolution of ring nebulae is cer-
tainly much better understood within the evolution
of massive stars around and above 20 M. These cir-
cumstellar bubbles of ionized gas actually represent
material of the surrounding medium swept up dur-
ing the mass loss episodes experienced by their mas-
sive progenitors (see e.g. Weaver et al., 1977; Freyer
et al., 2006; Toala´ & Arthur, 2011). A genuine phe-
nomena that emerges from the interaction between
the stellar wind and the environment, whose large-
scale effects are observed in the chemical history of
star-forming galaxies (e.g. Lo´pez-Sa´nchez & Este-
ban, 2010).
The classification of ring nebulae includes an in-
teresting group: the ejected and wind-blown types as
defined by Chu (1981). These ring nebulae show the
presence of processed stellar material in their chem-
ical composition. An enrichment process is behind
these chemical traces. Through efficient dredge-
up and mixing processes boosted by deep convec-
tive layers, nucleosynthetic products are transported
from the stellar core to the surface. These products
are mainly ejected during the post-main sequence,
especially in the red supergiant (RSG), luminous
blue variable (LBV) and Wolf-Rayet (WR) phases.
This particular group of ring nebulae stands as pow-
erful channels of information connected to the chem-
ical history of previous evolutionary stages. Thus,
their study is a unique approach to test our knowl-
edge about massive stars, looking for a consistent
picture between both stellar and nebular stories.
Because of their inherent low surface brightness
(F(Hβ) ≤ 10−15 erg/s/cm2/arcsec2), the study of
ring nebulae from their emission line spectra is in-
deed a challenging task. In the early 90s, Este-
ban and collaborators presented the first system-
atic study of the chemical composition of 11 Galac-
tic ring nebulae (e.g. Esteban et al., 1992). From
deep spectroscopic data obtained from 2.5–4m tele-
scope classes, these authors conducted a comprehen-
sive analysis about the history of the stellar progen-
itors from the constraints given by the nebular story
(Esteban et al., 1993). More recently, and mainly
using a 3.5m telescope, Stock et al. (2011) have en-
hanced the sample of studied ring nebulae so far,
even adding 3 ring nebulae of the Magellan Clouds.
Consistently, the results show that ring nebulae con-
taining stellar ejecta present overabundances of He
and N, and a deficiency of O. A substantial frac-
tion of O is transformed into N in the stellar interior
via the activation of the ON chain and the He ex-
cess that remains until the activation of the 3α reac-
tions. This enrichment pattern is in agreement with
the stellar nucleosynthesis of the H-burning through
the CNO cycle during the main sequence of massive
stars.
For decades, a dramatic lack of reliable determi-
nations of C abundances in any ring nebulae has
hindered the full knowledge of the CNO cycle trace.
The main spectral lines of C are either faint and
challenging for detection as the recombination line
C ii 4267 A˚, or either inaccessible from ground
telescopes, requiring space facilities, as the doublet
C iii] 1907+09 A˚. Recently, our research group re-
viewed the chemical composition of NGC 6888 with
an improved accuracy (Mesa-Delgado et al. 2014;
hereinafter, MD14) and reported the first detection
of the C ii optical feature in this proto-typical ring
nebula that is confirmed in this work.
The present proceeding represents a preliminary
taste of our renewed interest in reviewing the chem-
ical composition of the brightest Galactic ring neb-
ulae as revealed by deep spectroscopic observations
with 6.5m and 10.4m telescopes. The final results
will appear in a forthcoming work, including in-
depth details about observations and analysis (Es-
teban et al. 2015, in prep.).
2 Observations
Making use of northern and southern facilities, we
have collected the deepest spectroscopic data of the
group of Galactic ring nebulae NGC 6888, G2.4+1.4,
1
ar
X
iv
:1
50
8.
00
74
6v
1 
 [a
str
o-
ph
.SR
]  
4 A
ug
 20
15
A. Mesa-Delgado, C. Esteban & J. Garc´ıa-Rojas
Fig. 1: Sections of NGC 6888 spectra. Top: detections of recombination lines of C ii, O ii, N ii and N iii from
OSIRIS observations (Esteban et al. 2015, in prep.). Bottom: lower-limit detections of C ii, N ii and other features
from HDS observations (MD14). The dashed lines represent the average continuum.
RCW 58 and Sh2-308. On the one hand, NGC 6888
and G2.4+1.4 were observed with the OSIRIS spec-
trograph at the 10.4m Gran Telescopio Canarias.
Within its capabilities, this spectrograph provides
a slit of 7.4′ along the spatial direction, allowing us
to simultaneously target multiple nebular areas and
bright knots. On the other hand, single slit positions
were observed on the brightest zones of G2.4 + 1.4,
RCW 58 and Sh2-308 using the Magellan Echellette
(MagE) spectrograph at the 6.5m Clay Telescope.
In all cases, extractions of knot sizes, 3′′ to 8′′, were
considered to maximize the signal-to-noise ratio of
the final spectra. The two-observation campaigns
were carried out with a slit width of 1′′, covering
the optical range with a spectral resolution of about
3000. Total exposure times of 1.4 hours were used
in the OSIRIS observations, while times between 1.2
and 2.5 hours were used in MagE.
At first look, the outstanding quality and depth of
these new observational data are well remarkable in
the spectrum of NGC 6888. In Fig. 1, we compare
the HDS spectra of NGC 6888 (MD14) with the re-
cent OSIRIS observations. Both spectra represent
similar extracted areas of about 1′′ × 4′′, located in
positions on the bright arc to the northwest of the
central star WR136, with similar integration times
of 1.4 hours. The comparison is centered in the spec-
tral ranges populated by recombination lines (RLs)
of heavy-elements, and clearly reveals the superior
result of the OSIRIS observations. The C ii 4267 A˚
is well detected in this new dataset with a signal
of about 8 over the continuum noise (σ). Almost
featureless in the HDS observations, the O ii RLs
appears blended among them and other lines. The
eight transitions constituting the O ii multiplet 1
seem to be detected, where the brightest features are
blended at 4649+51 A˚ with a signal of about 17σ.
N ii and N iii RLs are also detected, though their
emission may be affected by continuum pumping
(Escalante & Morisset, 2005). The high-ionization
feature of He ii 4686 A˚ is also detected, making plau-
sible the detection of the C iii line at 4647 A˚, the
brightest feature of the transition 3s3S–3p3P0.
3 Preliminary results
The analysis of emission line spectra allows us to de-
termine the chemical composition of these ring neb-
ulae. Using the traditional methodology, He abun-
dances are calculated from dereddened flux ratios of
He i and He ii RLs, while chemical abundances of
O, N and Ne are derived from collisionally excited
lines (CELs). This chemical analysis is based on reli-
able detections (> 30σ) of the temperature-sensitive
auroral lines of [O iii] and [N ii], allowing us to cal-
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Fig. 2: Abundance ratios of C/O, N/O and Ne/O as a function of the He enrichment in NGC 6888. The zero points
are referenced to the solar abundances as adopted by the Geneva models (Ekstro¨m et al., 2012). Lines represent
the enrichment predictions of non-rotational evolution models of massive stars since the RSG onset (see details in
MD14). The masses are: 25 M (blue-dotted line), 32 M (red-dashed line), 40 M (green-dotted-dashed line),
and 50 M (yellow-straight line). The square is the onset of the WR phase for each model. Observational data are
presented with error bars: triangles represent OSIRIS observations and circles correspond to the MD14 study.
culate total abundances of He, N, and O with high
accuracy (≤ 25%) in such faint objects as ring neb-
ulae. The first results confirm the chemical enrich-
ment previously reported in Sh2-308 and RCW 58,
as well as the absence of enrichment in G2.4 + 1.4
(see Esteban et al., 1992).
In NGC 6888, both the new analysis of four
OSIRIS extractions and the previous work by MD14
confirm the chemical enrichment by CNO cycle
products. The final abundances derived by these
studies are shown in Fig. 2 together to the chemical
enrichment traces predicted by the Geneva models
for non-rotational evolution of stars with masses of
25, 32, 40 and 50 M (Ekstro¨m et al., 2012). These
multi-positional analysis do not show any signifi-
cant real abundance spread, favoring the presence
of chemically homogeneous material within uncer-
tainties. For instance, the optimal accuracy reached
in the He abundances points out that, if chemical in-
homogeneities may be presented in NGC 6888, they
would produce chemical variations lower than 1%
across the nebula.
For the first time in an ejecta nebula, the C/O
abundance pattern is determined in a consistent
manner from good detections of C ii and O ii RLs.
In comparison with the OSIRIS results, we find that
the C abundance derived by MD14 actually repre-
sents a higher limit (the highest C/O ratio in Fig. 2).
Then, we estimate that the mean [C/O] ratio is es-
sentially 0, consistent with the solar reference within
the abundance errors. It is also consistent with the
model predictions, where no C is produced in the
CNO synthesis. In Fig. 2, the N enrichment becomes
quite clear exploring the [N/O] ratio, which shows an
average value of about 1. Certainly, the Ne/O ra-
tio presents a puzzling behavior. An average value
of −0.3 is observed in the [Ne/O] ratio, much lower
than the predicted Ne enrichment by the models. As
MD14 suggested, this behavior might be related to a
higher efficiency of the NeNa cycle, higher than the
assumed by current models, which also seems to cor-
relate with the observations of Na deficiencies in the
surface of yellow giant stars (Denissenkov, 2005). Fi-
nally, combining the abundance ratios of C/O, N/O
and He/H and the characteristic lifetime of massive
stars in the WR phase to develop such a bubble as
NGC 6888 (see MD14), we constraint the mass of
the stellar progenitor to be of about 40 M.
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